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Abstract
The majority of glioblastoma multiforme (GBM) tumors (80%) overexpress interleukin-13 receptor
α2 (IL-13Rα2), but there is no expression of IL-13Rα2 in normal brain. Vaccine strains of measles
virus have significant antitumor activity against gliomas. We tested the hypothesis that measles virus
entry could be retargeted via the IL-13Rα2. MV-GFP-HAA-IL-13 was generated from the
Edmonston-NSe vaccine strain, by displaying human IL-13 at the C-terminus of the H protein, and
introducing CD46 and signaling lymphocyte activation molecule (SLAM)-ablating mutations in H.
The IL-13 retargeted virus showed significant cytopathic effect (CPE) against IL-13Rα2
overexpressing glioma lines, and lack of CPE/viral replication in normal human astrocytes and
normal human fibroblasts not expressing IL-13Rα2. In vivo treatment of orthotopically implanted
GBM12 xenografts demonstrated significant prolongation of survival in mice treated with the
retargeted strain (P < 0.0001), and comparable activity between the IL-13R retargeted strain and
MV-GFP (P = 0.6377). In contrast to MV-GFP-treated mice, administration of the retargeted strain
in the central nervous system of measles replication-permissive Ifnarko CD46 Ge mice resulted in
lack of neurotoxicity. Strains of measles virus retargeted against the glioma-specific IL-13Rα2
receptor have comparable therapeutic efficacy, and improved specificity as compared with the
unmodified measles virus strain MV-GFP in vitro and in vivo.

Introduction
Glioblastoma multiforme (GBM) is the most frequent primary brain tumor in adults and
accounts for most of the 18,500 primary brain tumor cases diagnosed each year in the United
States.1 Standard of care in GBM treatment includes a multimodality approach incorporating
surgery, chemotherapy, and radiation therapy. Despite aggressive management, GBM
invariably recur and prognosis remains dismal with a median survival of only 3–5 months at
recurrence. Novel therapeutic approaches in this setting are urgently needed.
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We have previously demonstrated that attenuated measles virus strains derived from the
Edmonston vaccine lineage have antitumor activity against gliomas.2 A strain of the virus
expressing the human carcinoembryonic antigen (MV-CEA) is currently in phase I testing in
patients with recurrent GBM.

Measles virus is a negative strand RNA virus that enters human cells through two known
receptors: CD46, a regulator of complement activation that is ubiquitously expressed in human
cells,3,4 but overexpressed in tumors including GBM,5 and signaling lymphocyte activation
molecule (SLAM) (signaling lymphocyte-activated molecule) expressed on activated B and T
cells and macrophages.6–8

Potential challenges in the clinical application of oncolytic measles virus strains as glioma
therapeutics are the ubiquitous, although low level, expression of CD46 in normal brain and
blood–brain barrier9,10 and the interaction with SLAM, which has been associated with
immunosuppression after infection with wild-type virus.6,7 Retargeting of measles strains
against glioma-specific receptors could therefore further improve viral specificity, and assist
us in overcoming possible variability in CD46 expression in a therapeutic setting.11

Identification of measles H protein mutations that ablate entry via CD46 and SLAM12,13 has
allowed measles virus retargeting when combined with display of single-chain antibodies at
the C-terminus of H.14–16 Retargeting of the measles virus by cytokine display has not been
accomplished, however.

Approximately 80% of GBM tumors express the IL-13 receptor, IL-13Rα2.17–19 This receptor
is not expressed in normal brain,18,19 and it therefore represents an excellent glioma target.
IL-13Rα2 is a monomer, binds to IL-13, and has a short cytoplasmic domain,18–20 which at
least in macrophages signals via AP-1.21 However, the role of IL-13Rα2 expression in glioma
cells and its mechanism of signaling remains unclear.

We hypothesized that engineering measles virus to enter via the IL-13Rα2 receptor by
displaying human IL-13 and ablating natural viral entry via CD46 and SLAM could increase
tumor specificity without decreasing antitumor efficacy. IL-13 display has been used to target
DNA viruses such as conditionally replication-competent HSV-1 strains22 or adenovirus.23

Optimization is still needed, however, given the low titers of the retargeted herpes strains,22

while the IL-13 displaying adenoviral vectors still maintained entry through the natural CAR.
23

We constructed a human IL-13 displaying retargeted measles virus strain (MV-GFP-HAA-
IL-13) and demonstrated that it propagates in comparable titer to the unmodified strains and
maintains equal potency both in vitro and in vivo against receptor expressing glioma cells. The
retargeted virus demonstrated increased specificity as compared to the unmodified MV-GFP
strain both in in vitro assays against nontransformed cells and in a central nervous system
measles toxicity transgenic mouse model. This retargeted measles strain could therefore have
significant applicability in glioma virotherapy.

Results
Construction and characterization of MV-GFP-HAA-IL-13

We rescued the retargeted MV-GFP-HAA-IL-13 virus, which derives from the Edmonston-
NSe strain, and contains a single CD46 ablating mutation at position 481 and a single SLAM
ablating mutation at position 533. The virus was rescued using the pseudoreceptor STAR
system as described by Nakamura et al.14 and propagated on Vero-His cells. The MV-GFP-
HAA-IL-13 virus displays IL-13 at the C-terminus of H protein coupled with a 6-histidine tag.
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The latter modification enables rescue of retargeted virus using Vero-αHis cells. The virus also
contains the green fluorescent protein (GFP) gene at position 1 which facilitates viral rescue
and allows visualization of infection in vitro (Figure 1a). MV-GFP, expressing the unmodified
H protein of the Edmonston-NSe strain and GFP at position 1 was used as the positive control.
Western immunoblotting after infection of Vero-αHis (Figure 1b) confirmed the presence of
the 84-kd chimeric H protein in the retargeted virus, and IL-13 expression (Figure 1c). Titers
of the recombinant virus in the range of 3 × 107 50% tissue culture infective dose (TCID50)
were obtained, which is comparable with viral titers obtained for the unmodified MV-strains.
One-step viral growth curves in permissive Vero-αHis cells demonstrated comparable kinetics
between the retargeted and unmodified virus (Figure 1d).

In vitro infection of established and primary tumor cells with the retargeted strain is
dependent on the expression level of IL-13Rα2 and results in comparable CPE to the
unmodified strain MV-GFP in tumor cells expressing intermediate/high receptor levels

Expression of IL-13Rα2 was examined by flow cytometry and western immunoblotting in a
panel of both primary and established cell lines. All glioma lines expressed in IL-13Rα2
receptor to varying degrees. In contrast, there was low or no expression of the IL-13Rα1
receptor (data not shown). In fluorescence-activated cell sorting data for IL-13Rα2 were
quantified by calculating the mean FL1 peak shift when cells were incubated with the
IL-13Rα2 antibody as compared to the isotype control (Figure 2a). Most of the primary and
established glioma lines (10/14) had intermediate or high IL-13Rα2 expression. These data,
which are consistent with IL-13Rα2 expression data in patient tumors emphasize the broad
applicability of an IL-13 targeting strategy in the treatment of gliomas. The MV-GFP-HAA-
IL-13 virus had comparable infectivity to the unmodified MV-GFP virus in glioma lines
expressing intermediate or high levels of the receptor but not in cells expressing low levels of
the receptor (Figure 2a). Cell viability was quantified by trypan blue exclusion at multiple time
points. Representative data for day 7 after infection are presented (Figure 2b). Cytotoxicity of
MV-GFP-HAA-IL-13 was comparable to MV-GFP in glioma lines expressing intermediate of
high receptor levels (GBM12, U251, U87, GBM10, GBM39), but inferior to MV-GFP in
glioma lines expressing low receptor levels (U118, GBM8).

The retargeted virus MV-GFP-HAA-IL-13 depends on the interaction of the displayed IL-13
with the IL-13Rα2 receptor for the entry of virus and infection of tumor cells. To determine
the specificity of MV-GFP-HAA-IL-13 viral entry, U87 tumor cells, which express the
IL-13Rα2, but not the IL-13Rα1 receptor were either left untreated or exposed to 1 or 30 ng/
μl of IL-13, IL-2, or IL-4 for 1 hour before infection with the IL-13 retargeted or the unmodified
virus. Pretreatment with 30 ng/μl IL-13 eliminated viral transduction as demonstrated by lack
of GFP positivity (Figure 3a). In addition, there was a 3½ log decrease in MV-GFP-HAA-IL-13
viral titers in cells pretreated with 30 ng/μl of IL-13 as compared with cells pretreated with
IL-2, IL-4, or cytokine untreated cells. Pretreatment with either IL-2 or IL-4 did not affect MV-
GFP-HAA-IL-13 infectivity (Figure 3b). Furthermore, pretreatment with an IL-13Rα2-binding
antibody decreased susceptibility to MV-GFP-HAA-IL-13 infection (Figure 3c). These results
collectively demonstrate the specificity of viral entry and replication in cells expressing
IL-13Rα2.

IL-13 displaying measles virus strains has no CPE against nontransformed cells
Overexpression of IL-13Rα2 in GBM but not in normal tissues has been previously
demonstrated.17–19 Western immunoblotting was used to confirm the absence of IL-13Rα2 in
both normal human astrocytes and normal human dermal fibroblasts (Figure 4a). In contrast
to MV-GFP, exposure of both normal human astrocytes and normal human dermal fibroblasts
to the MV-GFP-HAA-IL-13 virus resulted in lack of infection as demonstrated by lack of GFP
positivity (Figure 4b) and cytopathic effect (CPE) (Figure 4c) at multiple time points.
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Furthermore, and in contrast to treatment with the unmodified strain MV-GFP, there was no
expression of the measles virus nucleocapsid (N) protein in astrocytes or fibroblasts treated
with the retargeted strain, similarly indicating lack of infection (Figure 4d).

IL-13Rα2 retargeted measles virus strains have comparable in vivo antitumor efficacy to the
unmodified strain MV-GFP in an orthotopic tumor model expressing IL-13Rα2

To assess antitumor efficacy of the MV-GFP-HAA-IL-13 virus in vivo, we used the GBM12
orthotopic tumor model in BalbC/nude mice. GBM12 is derived from a Mayo Clinic GBM
patient, is propagated as subcutaneous xenografts in nude mice and maintains the histological
and molecular characteristics of the human tumor it derives from ref. 24. GBM12 expresses high
levels of the IL-13Rα2 receptor. GBM12 tumors were established after orthotopic implantation
in BalbC/nude mice and treated intratumoraly with a total dose of 9 × 105 TCID50 of either
MV-GFP or MV-GFP-HAA-IL-13 or ultraviolet (UV)-inactivated MV-GFP. Significant
prolongation of survival was observed in both MV-GFP- and MV-GFP-HAA-IL-13-treated
mice. Of equal importance, the retargeted strain had comparable activity to the unmodified
virus (UV-MV-GFP versus MV-GFP P < 0.0001; UV-MV-GFP versus MV-GFP-HAA-IL-13
P < 0.0001; MV-GFP versus MV-GFP-HAA-IL-13 P = 0.6377) (Figure 5a). Characteristic
CPE with formation of syncytia was observed in hematoxylin and eosin sections of mouse
brains treated with either MV-GFP or the retargeted strain MV-GFP-HAA-IL-13 (Figure 5b).

MV-GFP-HAA-IL-13 causes no neurotoxicity after intracerebral administration in MV-
susceptible Ifnarko CD46 Ge transgenic mice

Rodents do not express the measles virus receptors CD46 or SLAM. Our orthotopic efficacy
model cannot therefore be used for assessment of viral toxicity. Ifnarko CD46 Ge is a transgenic
mouse strain susceptible to measles virus infection. Although glioma lines are not tumorigenic
in Ifnarko CD46 Ge mice and as a result this model cannot be used for assessment of efficacy,
it represents an excellent model for comparative assessment of measles toxicity.25–27

Intracerebral administration of MV Edmonston strain in these mice results in the development
of lethal encephalitis.25,26 Given the significant degree of homology between mouse and
human IL-13Rα2 receptor28,29 and the lack of species specificity of IL-13, Ifnarko CD46 Ge
mice represent a suitable model for assessment of MV-GFP-HAA-IL-13-induced toxicity.
Following a single orthotopic administration of 1 × 105 TCID50 of either MV-GFP or MV-
GFP-HAA-IL-13 in Ifnarko CD46 GE mice, four of five mice administered the unmodified MV-
GFP virus had to be euthanized within a week due to development of significant neurotoxicity,
while complete lack of neurotoxicity was observed in mice injected with the retargeted strain
MV-GFP-HAA-IL-13 (Figure 6a), thus indicating an improved therapeutic index. Brain tissue
overlay on Vero-αHis cells resulted in abundant virus rescue from brains of MV-GFP-treated
animals. No virus was recovered from animals treated with the MV-GFP-HAA-IL-13 virus
(Figure 6b). Histopathological examination demonstrated inflammation at the injection site,
meningitis with syncytia formation, and ventriculitis in the brains of MV-GFP-treated animals,
but normal brain histology in the MV-GFP-HAA-IL-13 virus-treated mouse (Figure 6c).

Discussion
Current multimodality therapy employed the treatment of GBM has dismal outcome resulting
in a median survival of only 12–16 months. Novel therapeutic approaches are necessary to
improve the outcome of GBM patients. Exploiting tumor-specific targets to develop glioma-
targeted therapeutics represents a direction worth exploiting further.30

We have previously demonstrated that measles virus vaccine strains have significant antitumor
activity against gliomas2 and we have recently initiated a phase I trial of intratumoral and
resection cavity administration of a measles virus derivative expressing the human
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carcinoembryonic antigen (MV-CEA) in patients with recurrent GBM. Retargeting against
glioma-specific receptors could further improve safety and allow us to overcome potential
issues associated with variable expression of measles virus receptor CD46 in high-grade
gliomas.5

Measles virus entry is mediated by the two glycoproteins of the viral envelope: the
hemagluttanin H that mediates attachment to one of the two known measles virus receptors
CD46 (ref. 3) or SLAM,8 and the F (fusion) protein. To retarget fusion effectively against
glioma-specific targets, the new specificity domain displayed on H protein should preserve its
ability to trigger conformational changes in the F protein, when combined with mutations
blocking entry through the natural receptors CD46 and SLAM.14,15 The only display platform
so far that has allowed retargeting has been the display of single-chain antibodies at the C-
terminus of H protein.13–16 Our results serve as the first demonstration that true retargeting of
the measles virus can also be accomplished by displaying cytokines, such as the human IL-13
at the C-terminus of H protein. The MV-GFP-HAA-IL-13 virus enters cells by its interaction
with the IL-13Rα2 receptor as was demonstrated by competetive assay experiments in which
depletion of the receptor from the cell surface by exposing the cells to 30 ng/ml of soluble
IL-13 eliminates GFP positivity after infection with the retargeted strains and decreases viral
yields by 3½ logs. Because IL-13Rα2 is internalized after binding IL-13, the receptor
subsequently becomes unavailable for viral entry.31,32 In contrast, pretreatment with IL-2 or
IL-4 did not affect viral infectivity.

The monomeric IL-13Rα2 receptor represents an excellent glioma target, because it is
overexpressed in 80–100% of high-grade gliomas,17–19 but not in normal brain.18,19

Expression of the receptor in normal human tissue is limited to testes.18 Although it binds to
IL-13 with high affinity, it does not mediate signaling through the STAT6 pathway.31

Although the primary and established glioma lines we screened had variable IL-13Rα2 receptor
expression by fluorescence-activated cell sorting or western blotting, approximately 70%
(10/14 lines) expressed intermediate or high receptor levels, and in these lines comparable
therapeutic efficacy between retargeted and unmodified strains was observed. This is consistent
with previous observations indicating that a certain receptor threshold is necessary for measles
infection to result in extensive cell fusion and CPE.33,34

In contrast to the unmodified virus, retargeted strains were unable to infect nontransformed
cells which do not express the IL-13Rα2 receptor such as normal human astrocytes and
fibroblasts. In addition, orthotopic administration of the virus in Ifnarko CD46 Ge mice, a very
sensitive model of measles neurotoxicity, demonstrated lack of clinical neurotoxicity after
administration of the IL-13 displaying retargeted virus, no viral recovery after overlay on Vero-
αHis cells, and no histopathological changes. The mouse IL-13Rα2 receptor has significant
homology to the human receptor28,29 and IL-13 is not species specific: the lack of toxicity in
the Ifnarko CD46 Ge mice therefore, in conjunction with the efficacy data generated in the
GBM12 orthotopic efficacy model support that measles retargeting by IL-13 display has
decreased potential for toxicity without losing potency as compared with unmodified strains.
It is of note that, in addition to gliomas, IL-13Rα2 is expressed in other tumor types such as
ovarian cancer,35 prostate cancer,36 renal cell carcinoma, Kaposi's sarcoma and head and neck
cancer,37–39 thus increasing the potential applicability of this retargeted virotherapy approach.

IL-13 display has been used to retarget DNA viruses such as replicating herpes virus
strains22 and replication-deficient adenovirus.12 In order to retarget herpes virus, IL-13 display
was combined with mutations that disable viral binding to heparin sulfate proteoglycan, nectin
1, and HveA receptors.22 Yields of this retargeted herpes virus (R5141) were significantly
lower, however, relatively to those of the wild-type parent virus, and no data on in vivo testing
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of this virus in animal models have been reported. The IL-13 displaying adenoviral vectors
were replication deficient and they still maintained entry via the native CAR.23 Our results
demonstrate that retargeting of a replicating RNA vector by IL-13 display is feasible. Of equal
importance, we were able to overcome some of the limitations pertaining to IL-13Rα2 targeting
of DNA vectors; the retargeted strain maintained viral titers, and in vivo antitumor activity that
was comparable to the unmodified strain. This in conjunction with the 70–80% expression of
IL-13Rα2 in high-grade gliomas17,18 potentially opens new directions in targeted glioma
virotherapy.

IL-13 mutants have been generated, which demonstrate higher affinity for the IL-13Rα2
receptor. For example, substitution of a glutamine acid residue at position 13 with a lysine
residue40 resulted in an IL-13 mutant (IL-13 E13K)–binding receptor expressing tumor cells
with a 3–10 times higher affinity as compared with IL-13. Nevertheless, when IL13E13K was
fused to a pseudomonas exotoxin, this did not translate into superior antitumor efficacy as
compared with the unmodified IL-13 fusion protein.41 In a different experimental system, an
IL-13 mutant incorporating a substitution in position 13–IL13E13Y, which results in 20 times
higher affinity for the IL-13Rα2 receptor and 5 times lower affinity for the IL-13Rα1/IL-4
receptor, was shown to specifically target GBM cells when displayed on cytoxic T
lymphocytes.42 Our laboratory is currently investigating the role of IL-13 mutants in measles
retargeting.

Using single-chain antibody display on the H protein we have previously retargeted oncolytic
measles virus strains against other glioma targets such as epidermal growth factor receptor vIII
(EGFRvIII)15 and EGFR.16 The focal expression of targets such as EGFRvIII, the expression
of EGFR in normal cells, as well as the much higher percentage of high-grade gliomas
expressing IL-13Rα2 (80% versus 40–50% for EGFR and 20–30% for EGFRvIII) makes MV-
GFP-HAA-IL-13 our preferred retargeted strain for additional clinical glioma applications.

In summary, we demonstrated that measles virus strains retargeted by combination of IL-13
display and ablation of entry through the natural CD46 and SLAM receptors had comparable
therapeutic efficacy in vitro and in vivo to the unmodified measles virus strain MV-GFP against
tumor cells expressing intermediate or high levels of the IL-13Rα2 receptor (∼70% of
established and patient-derived cell lines in our series) and demonstrate improved specificity
against nontransformed cells, and in a measles neurotoxicity transgenic mouse model. These
strains therefore represent excellent candidates for clinical translation.

Materials and Methods
Cell culture

Vero (African green monkey kidney cells), U87, U118, and U251 glioma cell lines were
purchased from American Type Culture Collection. All cell lines were grown at 37 °C in media
recommended by American Type Culture Collection in a humidified atmosphere of 5% CO2.
Vero-αHis cells were kindly provided by Dr. T. Nakamura and grown in Dulbecco's modified
Eagle's medium containing 10% fetal bovine serum, 1× penicillin/streptomycin. Primary
glioblastoma lines (GBM5, GBM6, GBM8, GBM10, GBM12, GBM14, GBM15, GBM38,
GBM39, GBM43, and GBM44) were generated as previously described24 and maintained as
subcutaneous xenografts. To establish short-term cultures, xenografts were excised and placed
in culture dishes where the tissue was initially minced with a scalpel and then mechanically
disrupted to create a cell suspension. Following short-term culture of the tumor cells (3–7 days)
in Dulbecco's modified Eagle's medium with 2.5% fetal bovine serum, 1× penicillin/
streptomycin cells were either used for orthotopic implantation or further maintained in culture
in Dulbecco's modified Eagle's medium containing10% fetal bovine serum, 1× penicillin/
streptomycin for in vitro studies. Normal human astrocytes and normal human dermal
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fibroblasts (Cambrex, Baltimore, MD) were grown in AGM (Cambrex, Baltimore, MD) and
FGM (Cambrex, Baltimore, MD) media respectively, as recommended by the supplier.

Construction of MV-GFP-HAA-IL-13
IL-13 was PCR amplified from the pCR2.1-IL13 plasmid containing the human IL-13
complementary DNA (kindly provided by Dr. R. Puri) using the following primers: 5′-
GGCCCAGCCGGCCATGTCCCCAGGCCCTGTGCCTCCCTCTACAGCCCTCAGGGA
GCTCATTGA-3′ and 5′-TATGCGGCCGCGTTGAACTGTCCCTCGCGAAAAAGT-3′.
The purified PCR product was cloned into pCR2.1 (Invitrogen, Carlsbad, CA) and the sequence
of the resultant plasmid, pCR2.1-IL13, was verified by fluorescent sequence analysis. Using
SfiI–NotI digestion/ligation the SfiI–NotI fragment from pCR2.1-IL13 was subcloned into
pCG-HAA-H6 (provided by Dr. T. Nakamura) to create the pCG-HAA-IL-13-H6 plasmid. The
PacI–SpeI fragment from pCG-HAA-IL-13-H6 encodes a modified measles H sequence, which
incorporates both a CD46 and a SLAM ablating mutation (Y481A, R533A respectively) and
displays IL-13 on its C-terminus as well as a 6-histidine tag to facilitate rescue. After PacI–
SpeI digestion of pCG-HAA-IL-13-H6, the PacI–SpeI fragment was gel purified and subcloned
into the full-length plasmid p(+)MV-GFP-NSe, using PacI–SpeI digestion/ligation. The
resultant full-length plasmid, p(+)MV-GFP-HAA-IL-13-H6, was used to rescue the virus as
described by Nakamura et al.14

In brief, 293-3-46 helper cells were transfected with p(+)MV-GFP-HAA-IL-13-H6, pCG-L and
pCG-N plasmids, using the Profection Mammalian Transfection System Calcium Phosphate
kit (Promega, Madison, WI). Twenty-four hours after transfection the cells were harvested and
overlaid on Vero-αHis cells. The 6-histidine tag at the C-terminus of H protein allows rescue
and propagation of the virus using Vero-αHis cells stably transfected with a pDisplace
(Invitrogen, Carlsbad, CA) plasmid to express a membrane-bound single-chain antibody that
recognizes the 6-histidine peptide. MV-GFP, which was used as the unmodified virus control,
was rescued as previously described43 and propagated using Vero cells. Viral stocks were
prepared by infecting the appropriate Vero cell line with measles virus at a multiplicity of
infection (MOI) of 0.02 and incubating at 32°C, 5% CO2. Virus was harvested by three freeze–
thaw cycles from cellular substrate, and resuspended in Opti-MEM (Life Technologies,
Carlsbad, CA) after the third serial passage. Titers were determined by TCID50 titration on
Vero-αHis or Vero respectively, as previous described.2

Western immunoblotting for detection of viral H protein
Vero and Vero-αHis cells were infected with MV-GFP or MV-GFP-HAA-IL-13 at an MOI of
0.1 TCID50. Forty-eight hours after infection, crude lysates were scraped into Opti-MEM and
subjected to a single freeze–thaw cycle. Cellular debris was removed through centrifugation
and recovered virus was placed in lysis buffer [50 mmol/l sodium pyrophosphate, 50 mmol/l
sodium fluoride, 50 mmol/l sodium chloride, 5 mmol/l EDTA, 5 mmol/l EGTA, 100 mmol/l
sodium orthovanadate, 10 mmol/l HEPES pH 7.4, 0.1% Triton X-100 containing complete
protease inhibitor cocktail tablets (Roche, Penzberg, Germany)] and separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis. The gel was transferred to nitrocellulose
(Bio-Rad, Hercules, CA) and blocked overnight at 4 °C in 1× Casein (Vector, Burlingame,
CA) in Tween–Tris-buffered saline (Tween–TBS) (10 mmol/l Tris, pH 8.0, 150 mmol/l NaCl,
0.05% Tween-20). The blot was then incubated with rabbit antiH cytoplasmic tail antiserum
(1:10,000) (kindly supplied by R. Cattaneo) in Tween–TBS containing 0.5% non-fat dry milk
at room temperature for 60 minutes. Blots were washed for 60 minutes in Tween–TBS and
incubated with goat antirabbit horseradish peroxidase (HRP) (1:2,000; Pierce, Rockford, IL)
in Tween–TBS containing 0.5% nonfat dry milk at room temperature for 60 minutes. After
extensive washing, the blot was visualized with SuperSignal West Femto Chemiluminescent
Substrate (Pierce, Rockford, IL).
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Western immunoblotting for detection of viral N protein
One million normal human astrocyte, normal human dermal fibroblast, or tumor cells were
plated in 10-cm dishes. The next day cells were infected at an MOI of 1.0 with MV-GFP or
MV-GFP-HAA-IL-13. Forty-eight hours after infection, cells were rinsed with phosphate-
buffered saline and lysed in 1 ml of lysis buffer. Samples were subsequently sonicated and 10
μg total protein was separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis.
The gels were transferred to nitrocellulose (Bio Rad, Hercules, CA) and blocked overnight at
4 °C in 1× casein (Vector, Burlingame, CA) in Tween–TBS. The blot was then incubated with
rabbit anti-N (1:10,000) (kindly supplied by R. Cattaneo) in Tween–TBS containing 0.5%
nonfat dry milk at room temperature for 60 minutes, washed for 60 minutes in Tween–TBS
and incubated with goat anti-rabbit HRP (1:2,000; Pierce, Rockford, IL) in Tween–TBS
containing 0.5% nonfat dry milk at room temperature for 60 minutes. After extensive washing,
the blot was visualized with SuperSignal West Femto Chemiluminescent Substrate (Pierce,
Rockford, IL). An actin control blot was incubated with mouse anti-β-actin (1:50,000) (Sigma,
St Louis, MO) in Tween–TBS containing 0.5% nonfat dry milk at room temperature for 60
minutes, washed for 60 minutes in Tween–TBS and incubated with goat anti-mouse HRP
(1:5,000; Pierce, Rockford, IL) in Tween–TBS containing 0.5% nonfat dry milk for 60 minutes.
After extensive washing, the blot was developed with SuperSignal West Femto
Chemiluminescent Substrate (Pierce, Rockford, IL).

Western immunoblotting for detection of IL-13
Approximately 107 TCID50 of either MV-GFP or MV-GFP-HAA-IL-13 were layered onto a
60/20% sucrose–TNE buffer (10 mmol/l Tris pH 7.8, 100 mmol/l NaCl, 1 mmol/l EDTA)
gradient and centrifuged at 27,000 rpm in a Beckman Optima L-90K ultracentrifuge using a
SW28 rotor for 90 minutes. The interphase from each viral preparation was removed, placed
into 20% sucrose–TNE buffer and centrifuged to precipitate the virus containing fractions. The
resulting pellet was resuspended in lysis buffer and separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis. The gel was transferred to polyvinylidene fluoride (Bio-
Rad, Hercules, CA) and blocked overnight at 4 °C in 1× casein (Vector, Burlingame, CA) in
Tween–TBS. The blot was then incubated with 2 μg/ml mouse anti-IL-13 (Abcam, Cambridge,
MA) in Tween–TBS containing 0.5% nonfat dry milk at 4 °C overnight. Blots were washed
for 60 minutes in Tween–TBS and incubated with goat anti-mouse HRP (1:2,000; Pierce,
Rockford, IL) in Tween–TBS containing 0.5% nonfat dry milk at room temperature for 60
minutes. After extensive washing, the blot was visualized with SuperSignal West Femto
Chemiluminescent Substrate (Pierce, Rockford, IL).

Western immunoblotting for detection of the IL-13Rα2 receptor
Ten micrograms of sonicated whole-cell lysate from tumor cells, NHA, and NHDF were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The gels were
transferred to polyvinylidene fluoride (Bio-Rad, Hercules, CA) and blocked overnight at 4 °C
in 1× casein (Vector, Burlingame, CA) in Tween–TBS. The blot was then incubated with 5
μg/ml goat anti-human IL-13Rα2 (R&D Systems, Minneapolis, MN) in Tween– TBS
containing 0.5% nonfat dry milk at room temperature for 60 minutes, washed for 60 minutes
in Tween–TBS and incubated with goat anti-rabbit-HRP (1:2,000; Pierce, Rockford, IL) in
Tween–TBS containing 0.5% nonfat dry milk at room temperature for 60 minutes. After
extensive washing, the blot was visualized with SuperSignal West Femto Chemiluminescent
Substrate (Pierce, Rockford, IL). An actin control blot was incubated with mouse anti-β actin
(1:50,000) (Sigma, St Louis, MO), incubated with goat anti-mouse-HRP (1:2,000) (Pierce,
Rockford, IL) and visualized with SuperSignal West Femto Chemiluminescent Substrate
(Pierce, Rockford, IL).
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Determination of IL-13Rα2 and IL-13 Rα1 levels by fluorescence-activated cell sorting
IL-13 Rα1 and IL-13 Rα2 expression was assessed in 14 glioma lines, either established (U87,
U251, U118) or derived from Mayo Clinic patients and propagated as subcutaneous xenografts
in nude mice (GBM5, GBM6, GBM8, GBM10, GBM12, GBM14, GBM15, GBM38, GBM39,
GBM43, and GBM44). One million tumor cells were harvested, washed, and then incubated
with goat anti-human IL-13Rα2 (R&D Systems, Minneapolis, MN) or IL-13 Rα1 antibody
(Abcam). Cells were washed and then incubated with mouse anti-goat IgG-FITC. Nonimmune
IgG-FITC was used as a control (Pierce, Rockford, IL). Washed cells were fixed in PBS
containing 0.5% paraformaldehyde and analyzed on a Becton-Dickinson FACScan Plus
cytometer. Analysis was performed using CellQuest software (BD Biosciences, San Diego,
CA).

Assessment of viral replication in Vero, Vero-αHis, and tumor cell lines
Cells were plated in six-well plates in duplicate at a density of 105 cells/well. Cells were
infected as described above at an MOI of 0.1 TCID50 with either MV-GFP or MV-GFP-
HAA-IL-13 and harvested on days 1, 2, 4, 5, 6, and 7 after infection. Viral particles were released
with two cycles of freezing/thawing and the viral titer was determined by determining the
TCID50 on Vero and Vero-αHis cells.

Antibody blocking assays
Following 1-hour preincubation of U87 cells with an antibody binding to IL-13Rα2 (0–10 μg/
ml), the cells were infected with MV-GFP or MV-GFP-HAA-IL-13 at an MOI of 0.1 TCID50
in six-well plates. Forty-eight hours after infection, the number of GFP-positive syncytia were
counted and expressed as the average number of infectious centers per well.

Assessment of CPE in vitro
Cells were plated in six-well plates in duplicate at a density of 5 × 105 cells/well (glioma lines)
or 2.5 × 105 cells/well (NHA, NHDF). Twenty-four hours after plating, cells were infected at
an MOI of 1.0 with either MV-GFP or MV-GFP-HAA-IL-13 in 1 ml of Opti-MEM for 2 hours
at 37 °C. At the end of the incubation period, the virus was removed and the cells were
maintained in their standard medium. The number of viable cells in each well was counted
using a hemacytometer at 3, 5, 7, 9, and 11 days after infection using trypan blue exclusion.
The percentage of surviving cells was calculated by dividing the number of viable cells in the
infected well by the number of viable cells in uninfected wells corresponding to the same time
point. Infection was confirmed using fluorescent microscopy at corresponding time points.

Assessment of viral entry specificity
U87 cells were plated in six-well plates in duplicate at a density of 105 cells/well. The next
day cells were exposed to 1 or 30 ng/ml of IL-2, IL-4, or IL-13 (Chemicon, Temecula, CA)
for 1 hour. Controls included both uninfected cells and infected cells without cytokine
pretreatment. The cells were infected at an MOI of 0.1 TCID50 with either MV-GFP or MV-
GFP-HAA-IL-13-H6 and harvested 3 days after infection. Viral particles were released with
two cycles of freeze/thawing. The viral titer was determined by 50% tissue culture infective
dose on Vero or Vero-αHis cells. Experiments were repeated twice.

Orthotopic in vivo experiments
All animal experiments were approved by the Mayo Institutional Animal Care and Use
Committee. IL-13Rα2 expressing GBM12 orthotopic xenografts were developed by
implantation of 3 × 105 GBM12 cells into the right caudate nucleus of 5-week-old BALB/c
mice, using a small animal stereotactic frame (ASI Instruments, Warren, MI). Treatment was
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initiated 4 days after implantation by intratumoral injection using the same coordinates as for
implantation. Approximately 1 × 105 TCID50/dose were administered in 10 μl three times per
week over a 3-week period for a total dose of 9 × 105 TCID50. The following groups were
included (eight to nine animals each): UV-inactivated MV-GFP, MV-GFP, or MV-GFP-
HAA-IL-13. Mice were observed daily and were killed when neurological impairment or >10%
weight loss was observed. The experiment was terminated at 45 days after implantation. Brains
of killed animals were fixed in paraformaldehyde and embedded in paraffin for subsequent
analysis.

Assessment of central nervous system toxicity in a measles replication-susceptible Ifnarko
CD46 Ge transgenic mouse model

Measles virus strains cannot normally infect rodent cells because of lack of expression of
measles virus receptors. We therefore used a measles infection-susceptible transgenic mouse
model, the Ifnarko CD46 Ge mice25,26 to evaluate the neurotoxicity of the unmodified and
retargeted measles strains. MV-GFP or MV-GFP-HAA-IL-13 was orthotopically administered
into the right caudate nucleus of 4–6 week-old Ifnarko CD46 Ge transgenic mice using the
small animal stereotactic frame (ASI Instruments, Warren, MI) with a 26-gauge Hamilton
syringe, at a dose of 1 × 105 TCID50. Five animals were included per group. The mice were
followed for survival and were killed when neurological impairment was observed. Brains
were removed, half paraffin embedded and half sliced, rinsed with PBS and overlaid on Vero
and Vero-αHis cells for recovery of virus.

Statistical analysis
To assess animal survival, Kaplan–Meir curves were generated. The survival of mice in the
different treatment groups was compared using the log-rank test. A P value of <0.05 was
considered statistically significant.
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Figure 1. Construction of MV-GFP-HAA-IL-13
(a) Schematic representation of the interleukin-13 (IL-13) receptor α2-retargeted virus. The
hemagglutinin (H) protein contains both CD46 and signaling lymphocyte activation molecule–
ablating mutations (Y481A and R533A, respectively). IL-13 is displayed on the C-terminus
of H protein. The virus also contains the gene encoding green fluorescent protein (GFP) in
position 1. (b) Expression levels of viral H protein were determined by western
immunoblotting. The retargeted virus expresses chimeric H protein with higher molecular
weight (84 kd as compared with 75 kd for the unmodified H protein). Expression levels of
IL-13 in viral preparations were determined by western immunoblotting. In contrast to the
unmodified virus MV-GFP, the MV-GFP-HAA-IL-13 virus expresses IL-13. (d) Comparable
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replication of the MV-GFP HAA-IL-13 virus to the unmodified MV-GFP virus was
demonstrated in Vero-αHis cells.
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Figure 2. MV-GFP-HAA-IL-13 infectivity in vitro
(a) The MV-GFP-HAA-IL-13 retargeted strain has comparable infectivity to the unmodified
MV-GFP virus in glioma lines expressing intermediate or high levels of the interleukin-13
(IL-13) receptor α2 (IL-13Rα2) (GBM12, U251, U87), but not in glioma lines expressing low
receptor levels (U118, GBM8) as demonstrated by expression of the green fluorescent protein
and syncytia formation after viral infection (multiplicity of infection 1). (b) Cytopathic effect
in glioma lines after infection with MV-GFP-HAA-IL-13 and MV-GFP was quantitated by
trypan blue exclusion assays at multiple time points. There was comparable cytotoxicity
between the IL-13 displaying and the unmodified virus in tumor cell lines expressing
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intermediate or high level of the IL-13Rα2 receptor (GBM12, U251, U87, GBM10, GBM38).
Representative data on day 7 are shown. GBM, glioblastoma multiforme.
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Figure 3. MV-GFP-HAA-IL-13 entry is interleukin-13 receptor α2 (IL-13Rα2) dependent
Pre-exposure of IL-13Rα2 expressing U87 cells to IL-13 (30 ng/ml) precludes infection (a)
and decreases replication of the MV-GFP-HAA-IL-13 virus by 3½ logs (b). In contrast, pre-
exposure of U87 cells to lower concentrations of IL-13 (1 ng/ml) or different cytokines such
as IL-2 or IL-4 had no affect on viral infection or replication, indicating specificity of viral
entry in IL-13Rα2-expressing tumor cells. Similarly, preincubation with an IL-13Ra2 antibody
blocks infection with MV-GFP-HAA-IL-13 (c). GFP, green fluorescent protein.
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Figure 4. Lack of MV-GFP-HAA-IL-13 cytopathic effect in normal (nontumor) cells
(a) Western immunoblotting of lysates derived from normal human astrocytes and fibroblasts
shows lack of expression of the interleukin-13 (IL-13) receptor α2 (IL-13Rα2). U87 cells
expressing high levels of IL-13Rα2 and U118 cells (low expressors) were used as controls.
(b) In contrast to infection with MV-GFP, treatment of normal human astrocytes and fibroblasts
with MV-GFP-HAA-IL-13 virus did not cause infection or fusion [multiplicity of infection
(MOI) 1.0, 72 hours after infection). (c) Cell viability of normal human astrocytes and
fibroblasts in response to infection with MV-GFP-HAA-IL-13 and MV-GFP was determined
by trypan blue exclusion assays and presented as percentage of uninfected cells. In contrast to
MV-GFP, the IL-13 displaying retargeted strain had no significant cytopathic effect (MOI 1.0).
(d) Western immunoblotting for the measles virus nucleocapsid N protein was performed in
cell lysates derived from primary glioblastoma multiforme lines, normal human astrocytes,
and fibroblasts 48 hours after viral infection with either MV-GFP or MV-GFP-HAA-IL-13
(MOI 1.0). In contrast to MV-GFP infection, there was no expression of measles virus N protein
after treatment of normal human astrocytes and fibroblasts with the IL-13 displaying retargeted
strain, thus indicating lack of infection. In contrast, in the IL-13Rα2-positive line U87 there is
abundant N protein expression after infection with the retargeted strain. GFP, green fluorescent
protein.
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Figure 5. MV-GFP-HAA-IL-13 has significant antitumor activity in vivo
(a) Antitumor effect of measles virus strain displaying interleukin-13 (IL-13) in the orthotopic
animal model glioblastoma multiforme 12 (GBM12) that overexpresses interleukin-13 (IL-13)
receptor α2. The MV-GFP-HAA-IL-13 retargeted strain had significant antitumor activity
which is comparable to the unmodified strain MV-GFP, resulting in significant propagation
of survival in MV-GFP-HAA-IL-13-treated animals (P < 0.0001) as compared with ultraviolet
(UV)-inactivated virus. (b) Treatment induced cytopathic effect with syncytia formation
observed in GBM12 xenografts treated with the MV-GFP-HAA-IL-13 virus.
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Figure 6. Lack of MV-GFP-HAA-IL-13 toxicity in a susceptible transgenic mouse model
(a) Survival of Ifnarko CD46 mice after central nervous system administration of MV-GFP or
MV-GFP-HAA-IL-13. In contrast to the lethal neurotoxicity observed by day 7 in four of five
MV-GFP-treated mice, mice treated with the interleukin-13 (IL-13) displaying retargeted
measles virus strain survived without toxicity. (b) Viral recovery from brains of MV-GFP-
treated mice on Vero-αHis cell overlays as demonstrated by syncytia formation (I), expressing
green fluorescence protein II. (c) Histopathological examination of the brains of MV-GFP-
treated Ifnarko CD46 Ge mice demonstrated inflammation at the injection site (I), meningitis
(II), and ventriculitis (III) with syncytia formation (close-up view). In contrast, the brains of
MV-GFP-HAA-IL-13 mice have normal appearance on histopathological examination (IV).
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